Abstract-With the expansion of renewable energy's contribution to the energy mix, balancing the electricity grid is becoming increasingly challenging. Alongside other solutions, Power-to-Hydrogen concepts are gaining significant interest. In this paper, the "Task 38", initiated by the Hydrogen Implementing Agreement of the International Energy Agency, presents the first of a two-step literature review regarding Power-to-Hydrogen and Hydrogen-to-X concepts with a focus on prospective market and economic potential. The study reveals a large scope of literature that shows a considerable variety of suggested implementation schemes. The transportation sector is identified as the most promising consumer market. Hydrogen-to-Gas pathways will require subsidies in order to be profitable. Hydrogen-to-Power becomes an economically promising option in the context of systems with high shares of renewables and a need for longer-term storages. Additionally, key enablers for Power-to-Hydrogen concepts are identified; namely support policies, concurrently with ongoing progress on the development and implementation of industry standard.
INTRODUCTION
Energy systems are changing around the world due to a variety of factors, including:
-Increasing demand for energy in the world caused by globalization and the economic growth of emerging countries; -Increasing share of renewables in the energy mix, especially in the electricity mix; -The need for constraints on greenhouse gas (GHG) emissions, including CO2 reduction in the energy sector; -The need for limiting local air pollution; -Deregulation in the energy sector, allowing new challengers to enter the market (although not encouraging the building of new infrastructure); -The requirements of energy security and reliability; -Increasing decentralization of power networks due to the growth of local generation.
The balancing of the electricity grid is increasingly challenging as the installed renewable energy capacity is increasing. Solutions like creating a transmission super-grid, smart grids and demand management, or back-up capacity implementation could assist in overcoming this issue; but new measures that go beyond increasing transmission and distribution capacity and flexible generation or consumption will need to be introduced to manage the grid as the level of renewable energy sources is increased. In this context, hydrogen systems are part of the global discussion on energy system modernization [1] .
The characteristics of hydrogen production through electrolysis make it possible to quickly adjust the power consumption: electrolysers can reach full load operation in a few minutes, even a few seconds [2] . Accordingly, hydrogen production appears a promising new means to contribute to electricity system management. Also, hydrogen can be injected into the natural gas grid, directly or as a constituent of synthetic methane [3] . Such pathways lead to consideration of an integrated energy systems with interconnections between the energy carriers [4] .
In this context, an annex of the Hydrogen Implementing Agreement of the International Energy Agency was approved by the Executive Committee as "Task 38", to examine hydrogen as a key energy carrier for a sustainable and smart energy system. It is entitled "Power-to-Hydrogen and Hydrogen-to-X: System Analysis of the techno-economic, legal and regulatory conditions". Currently, the task brings together over 50 experts from 34 organizations in 15 countries [5] .
The general objective of the task is to provide a comprehensive understanding of the various economic pathways for Power-to-Hydrogen applications in accordance with local conditions, and a comprehensive assessment of existing legal frameworks. Identifying the key local parameters, combined with a varied portfolio of different business cases, will be a key aspect of Task 38. The task will include both business model evaluation as well as analysis of benefits in terms of macro-economic impacts through a systemic approach. A specific objective will be to deliver general guidelines and recommendations to both business developers and policy makers interested in promoting hydrogen system deployment in energy markets.
The "Power-to-hydrogen" (PtH) concept implies that, once hydrogen is produced from electricity from the grid, a large variety of uses are possible. It opens the door to new and diversified applications in diverse sectors, such as:
-Transport (hydrogen for fuel cells, biofuels, synthetic methane for transport …), -The natural gas grid (by mixing hydrogen directly with natural gas or through synthesis of methane for injection into the natural gas network), -Re-electrification, through hydrogen turbines or fuel cells, -The general business of merchant hydrogen for energy or industry (especially for refineries, the steel industry, ammonia production, etc.).
Additionally, ancillary services or other grid management services can be provided for electricity networks, at the transmission or the distribution level.
Many Power-to-Hydrogen demonstration projects are already underway or under construction. They cover diverse applications and have been deployed across a wide range of local and regional situations. A lot of studies have been published, including also some economic aspects [3] [4] . However, business models are not always clearly defined and reliable, and are very dependent on the local geographic, economic and energy landscape. There is a lack of global outlook on business models in this domain and there is no global overview on the macro-economic and systemic impacts of the role of hydrogen in the energy system. There is a rich contemporary literature, including articles in academic journals and industry-orientated reports, exploring the future potential of Power-to-Hydrogen and Hydrogen-to-X (PtHHtX). However, despite the vast literature, there is a lack of a systematic overview and a comprehensive understanding of the various technical and economic pathways for Power-toHydrogen and Hydrogen-to-X applications in diverse situations. This paper presents an extensive literature review of the current Power-to-Hydrogen and Hydrogen-to-X literature, and maps the state of the art of existing techno-economic modelling, scenarios, and roadmaps. The review undertaken for this work is not an exhaustive list of all hydrogen studies ever published. Rather, the aim has been to capture the diversity of the current literature by identifying groups of studies. Over 200 documents were reviewed with a methodology developed to analyze the variety of studies considered. The methodology will be detailed in next section, and the results in Section III.
II. METHODOLOGY
To carry out the literature review on PtH -HtX, we proceeded in several steps.
First, we relied on the expertise of the members within Task 38 to co-construct a database of existing studies on PtHHtX. Having experts from all over the world was a major asset and made it possible to include regional studies published in languages other than English. Documents were uploaded by the experts onto a private website, thus being available to all the Task members.
The review process itself is implemented in two main steps. The intention was to analyze the studies through a common reading guide (the "screening sheet"). Given the number of collected documents, it was proposed to have two screening levels. A first level analysis made it possible to sort out the most interesting studies and collect the main facts and figures of the studies, including: -The context of the study and general issues: date, type of document, geographical scope and time horizon; -Which PtH -HtX pathways are dealt with and is the issue of grid services addressed?; -Generic results: key issues/bottlenecks identified in the study, general perspective for the pathway (positive, negative, neutral).
In the second (upcoming) step, the objective is to focus on the documents that were selected after the first step and build a database to compare: -The underlying assumptions: e.g. fossil fuel prices, power prices, carbon price, CAPEX and OPEX; -
The results: e.g. hydrogen production cost, compared to target/market.
Over 200 documents have been collected up to now. A dozen of the experts volunteered to review the studies according to this process. The results of the first level screening are detailed hereafter, as well as the key findings of the most important studies.
III. RESULTS

A. Analysis of the literature database
First, we classified the studies according to the type of documents. As displayed in Fig. 1 , more than half of the documents are reports, which shows that the PtH -HtX issue is not only addressed through academic works published in scientific peer-reviewed journal articles (approximately 20% of the collected documents), but also via in-depth studies for a given local context. These studies may be requested by institutions such as ministries or regional bodies, as well as by firms that investigate the business opportunities related to these contexts. Although publications are most often published in English (80% of the collected documents), the regional coverage is broad. As depicted in Fig. 2, 16 regions were identified among the case studies. More than half of the studies deal with a specific local context. Another interesting fact to indicate is the publication dates of the studies. The number of documents issued each year in the two past decades is shown in Fig. 3 . We observe that studies of PtH -HtX pathways have become more numerous in the last five years. Over 75% of the studies were published during this period.
The timeframes range from today to the mid-to long-term (2050). PtH -HtX pathways are not only considered in future scenarios but today's opportunities are assessed as well. This is also revealed by the fact that half the documents deal with business cases or market studies. Nonetheless, most of the studies are theoretical in nature; only very few are carried out with relation to a pilot plant. This is probably due to the current need for projects to concentrate on demonstrating technical feasibility ahead of economic competitiveness.
B. Major results from the literature
Hydrogen has the potential to be present in multiple applications (multi-use and multi-sector systems): hydrogen has a role to play in the electric, gas, transportation, and industrial sectors [8] . An attempt at categorizing precisely the different PtH -HtX pathways was presented in Dickinson et al. (2017) [28] .
It is difficult to draw generic results from the studies, since the business cases are tightly linked with specific local contexts, as highlighted in Decourt et al. (2014) [4] . However, three major potential markets emerge from the literature:
-The transportation sector (Hydrogen-to-Fuel, HtF); -The injection of hydrogen into natural gas networks, either directly or as synthetic methane synthesized via a methanation step (Hydrogen-to-Gas, HtG); -The power generation sector (Hydrogen-to-Power, HtP).
A similar number of studies address each of these three markets whereas only a few studies to date deal with industrial markets (Hydrogen-to-Industry, HtI) or heat generation (Hydrogen-to-Heat, HtQ).
The need for decarbonization of the transport sector provides a very strong incentive for producing low carbon fuel. Switching to hydrogen and electricity for transportation can improve air quality and reduce GHG emissions over the long term [27] . According to UK H2 mobility [6] , the CO 2 emissions of hydrogen-fuelled vehicles could be 75% lower than for equivalent diesel vehicles, and enable a trajectory to zero CO 2 emissions by 2050. In the short term, the use of "green hydrogen" (i.e. hydrogen produced by low-carbon pathways) in refineries is a promising option for reducing the GHG intensity of established transport fuels in the short term [22] . Business cases for the application of hydrogen in the transport sector are presented in several studies. According to ENEA (2016) [12] , hydrogen production can be competitive with taxed gasoline in 2030 if produced with tax-free electricity and competitiveness could be achieved with taxed electricity in 2050. For the business case of a fuel station with on-site hydrogen production, financial projections are made for both cars and buses [24] . The study suggests that both business cases are expected to be profitable for 2030 and 2050. In Newton (2014) [7] , a break-even point for hydrogen fuel stations is projected for the late 2020s. Additionally, Newton (2014) [7] also states that, with a mix of hydrogen produced from electrolysis and steam reforming, prices can be competitive with the that of diesel, while having 65 % lower CO 2 emissions. According to ENEA (2016) [12] , HtF pathways already compete with low carbon fuels. Overall, as stated in Schiebahn et al. (2015) [3] , the utilization of renewable hydrogen in the transport sector has the potential to become an economically-sound business case.
Besides hydrogen applications in the transport sector, hydrogen from PtH can (in its pure form or as synthetic natural gas via methanation), be directly injected into natural gas pipelines. Work has been done in this area, but the overall potential, economic feasibility, and limitations still need to be assessed diligently [27] . While the production and injection of synthetic natural gas is more expensive than employing pure hydrogen [12, [24] [25] , the former path can utilize existing infrastructure with almost no modification whereas, in the latter case, hydrogen injections are currently limited to values (depending on various factors) between 2-10%, [25, 27] . However, the available estimates that were reviewed conclude that commercial competition is out of reach for synthetic methane blending, in particular in comparison with potentially low carbon options such as biomethane [12] . To become competitive, direct injection of hydrogen from electrolysis would need low power prices along with tax exemption in order to foresee this pathway becoming competitive by 2050 [12] . Thus, in the mid-term, profitability is only possible with the support of subsidies and/or premiums. Additionally, ENEA (2016) [12] and Thomas et al. (2016) [24] conclude that the electricity price and natural gas price have the most significant impact on the possible competitiveness of these pathways. To improve profitability, multimodal operation is frequently suggested. For example, participation in the heat market would improve the business case [25] , selling oxygen and providing ancillary grid service would improve economics [24] , or elsewhere an integral "smart gas" system is proposed [13] . The smart gas systems, which are designed in a style similar to electrical smart grids, thereby profit from increased flexibility and efficiency through multiple fuels and outputs. In particular, the option to deploy hydrogen or synthetic natural gas as alternative energy carriers to electricity transmission is often highlighted [24, 27] .
Moreover, hydrogen can enhance renewable energy integration [27] . Re-conversion of hydrogen to grid electricity is generally seen as a potentially viable option in the context of premium backup or seasonal storage [1] . Particularly in instances exhibiting a very high share of renewable generation in addition to a shortage of conventional storage capacities (like pumped-hydro storage), hydrogen is expected become the best storage solution [4] . For remote locations, which are reliant on renewable energy production and therefore require longer-term energy storage, re-conversion of hydrogen is also likely to prove viable [27] . In the broader scope, integration of long-term storage solutions into the energy system can reduce the need for conventional backup energy and capacity, but only along with the trade-off of lower utilization of the backup capacity [10] . However, in the near-term, re-electrification schemes are expected to be economically challenging, primarily due to low round-trip efficiencies [27] . As such, reconversion is projected to be last in the merit order of hydrogen end-uses [4] . Nevertheless, the path from water electrolysis to salt caverns and then to turbine, is anticipated to be the most cost-efficient technology for long-term storage. In this case, the low cost of energy storage partially compensates for the round-trip losses [10] . As a controllable load, it is seen that flexible operation of electrolyzers is not a game-changer in regards to the economic competitiveness if flexibility services to the grid are not valorized [26] . In general, regional energy systems with large seasonal demand variations could prove attractive on a marginal cost basis when existing infrastructure (gas networks, energy stores, power plants) can be rededicated for hydrogen-centric purposes [27] . In addition, the use of heat recovery can significantly improve overall system efficiencies in all cases [4] .
Other factors include the development of policies that encourage the deployment of Power-to-Hydrogen components and the ongoing development of industry standards [14] . Regulations in support of such policies could be developed to limit the carbon intensity of energy services and products, thereby favoring low-carbon pathways with the electricity, transport, and heat sectors [27] . More specifically, hydrogen could be defined as an eligible fuel within the renewable fuel standard [27] . Renewables-derived hydrogen could be an alternative compliance option for the refining industry within the context of fuel scenarios for bio-diesel and ethanol [27] . In Europe, certification procedures and accountability of green/low-carbon hydrogen could be developed to reach EU targets, especially with regard to the EU Renewable Energies Directive and the EU Fuel Quality Directive [22] .
In the mid-term, it will also encourage and facilitate diverse ownership models (e.g. private, utility, retail) and ensure, in an organic and market-driven manner, the ongoing successful deployment of Power-to-Hydrogen systems [27] .
IV. CONCLUSION
'Low-carbon' hydrogen (i.e. that produced through lowcarbon pathways) can be used by many energy-consuming services. It has a potential role to play in the electric, gas, transport, and industrial sectors. This paper presents an extensive literature review of the current Power-to-Hydrogen and Hydrogen-to-X literature, and maps the state-of-the-art of existing techno-economic modelling, scenarios, and roadmaps. The aim is to capture diversity within the current literature and draw some major conclusions from it. Over 200 documents were reviewed with a methodology developed to analyze the variety of studies considered. This reviewing effort relied on the participation of the members of Task 38, both to coconstruct a database of existing studies on PtH -HtX and to review the works.
The literature analysis revealed that the PtH -HtX topic is not only addressed through academic works, but also by regional studies requested by institutions or firms that investigate the related business opportunities. The regional coverage is broad: 16 regions were identified among the case studies; and the time frames varied, from today to the medium to long term. Half the documents deal with business or market studies.
Although business cases are tightly linked with local circumstances, three major markets emerge from the literature: transportation, injection of hydrogen into the natural gas grid, and power generation. Mobility is expected to be the first market to be penetrated. Profitability for HtG pathways is likely only possible when considering subsidies/premiums. Competitiveness is a challenge for synthetic methane blending. Remote areas can offer promising deployment opportunities for HtP, and the ability to provide grid services could even be a game-changer for some business cases. Other key enablers for hydrogen system deployment include support policies and the establishment of standardization.
Future work will focus on enhancing the analysis according to newly available publications, and moving to a more in-depth analysis of a selection of studies to quantitatively compare assumptions and results.
